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1. Introduction 



Recently the idea that massive string states become black holes when the coupling 
is large has been very successful. In particular, five dimensional extremal black 
holes with large horizons are described by bound states of D-branes whose degeneracies 
exactly reproduce the Beckenstein-Hawking entropy Q]. This result was extended to four 
dimensional extremal black holes |5| and to spinning black holes 0. 

The entropy and hawking temperature continue to agree in the near extremal limit 
0,11. It was also found that the lowest order decay rate of slightly nonextremal D- 
brane configurations is proportional to the horizon area J7| which is consistent with the 
semiclassical Hawking radiation from such holes, as shown in 0. Rather surprisingly the 
two emission (and absorption) rates for neutral scalars were in fact found to agree exactly 
||10|| . Exact agreements were also found for neutral and charged scalars in five and four 
dimensional black holes |T^] . Even more remarkably, the grey body factors which describe 
a nontrivial energy dependence of the absorption cross-section at higher energies are also in 
exact agreement [[12], a result verified in the four dimensional case as well [[13]]. A general 
analysis of classical absorption by such black holes and the possibility of agreement of 
classical and D-brane greybody factors, has been carried out in [II . 



A more detailed test of these ideas is provided by the emission and absorption of 
"fixed" scalars by five dimensional black holes MM , where agreement between the D-brane 



and classical calculations were demonstrated in []16 1 . The grey body factors at higher 
energies agree as well M7\ . 

A related example where there seem to be exact agreement of D-brane and general 
relativity results is the absorption of / = and I = 1 waves by extremal 3-branes with 



no momentum ||18|| ||19|| . The cross-sections for higher partial waves agree upto numerical 
factors ||19|| . In this case the near-extremal entropy also differs by a numerical factor [20[. 

For systems arbitrarily far from extremality (like the Schwarzschild black hole) it has 
been argued that the microscopic and semiclassical answers should match only at a special 
value of the coupling at which the horizon curvature is of the string scale PJ, [EI]. It was 
shown in J21| that in all known cases the stringy and semiclassical entropies indeed match 
at this point, upto numerical factors. 

The reason why these results appear surprising is that the D-brane calculations are 
performed in the lowest order of the open string perturbation theory, using in fact a low 
energy effective action, while the brane configurations describe large black holes only when 
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the open string coupling is large. For extremal BPS holes, nonrenormalization theorems 
allow an extrapolation of weak coupling results to strong coupling. However away from 
extremality there does not appear to be an obvious reason why this can be done. 

Consider for example the five dimensional near extremal black hole which is described 
by bound states of lD-branes and 5D-branes with some momentum flowing along the ID 
brane. Non extremality is introduced by allowing both left and right momenta on the ID 
brane and the classical solution of the low energy effective action has a ten-dimensional 
string metric 



ds 2 = (1 + ^)" 1/2 (1 + r -\)- 1/2 [dt 2 - dx\ - % cosher dt + sinha dx 5 ] 
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The various length scales are given in terms of the charges by 

r i = y r 5 = " (9Q5) 
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Here a' = 1/ (27rT) where T is the elementary string tension, g is the string coupling. The 
brane configuration lies on a T 4 x S 1 with the one brane along the S 1 . The radius of this 
S 1 is .R, while the volume of the T 4 is V. The integers Qi,Q5,iV are the 1-brane RR 
charge, 5-brane RR charge and the total momentum. The extremal limit is ro — > and 
a — > 00 with r^r held fixed. 

It is clear from the classical solution that the classical limit of the string theory 
corresponds to g — » with gQi,gQsi g 2 N held fixed [TJ]. In fact we have large black holes 



(compared to string scale) when gQi, (7Q5, g 2 N > 1 and small holes when gQi, gQs, g 2 N < 
1. It is in the latter regime that the D-brane description is good. 

Another example which we will consider in the following is the self-dual 3-brane in 
Type IIB theory. The extremal solution has a zero horizon area, but is completely non- 
singular and the dilaton is a constant in the classical solution. The extremal string metric 
is given by 

ds 2 = A~ 1/2 (-dt 2 + dx\ + dx\ + dx 2 ) + A 1/2 (dr 2 + r 2 dVL 2 ) (1.3) 
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A(r) = 1 + 



Ana 
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(1.4) 
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where iV is the RR charge. The curvature at the horizon r = is ~ l/[a'y/gN\. Thus when 
gN is large, the curvatures are small and one may trust the supergravity limit. Note that 
the parameters in the classical solution depends on g and a' only through the combination 
k ~ ga' 2 where the ten dimensional Newton constant is Gio = 8ttk 2 . For parallel branes 
of one type this happens only for 3-branes. 

To appreciate the meaning of these products let us consider a simpler example in scalar 
4> 3 field theory where we are interested in describing classical solutions in the presence of 
a static source i 



so that the solution is characterized by the product Xk. The classical limit is A — > and a 
solution which captures the nonlinearity is characterized by Ak = fixed. One may obtain 
the classical solution by summing over all tree level Feynman diagrams with arbitrary 
number of insertions of the source. 

The product Xk is in fact an exact analog of the products gQ in the D-brane context 
in the dilute gas regime r^v << ri,rs, as clear from the classical solution. The full classical 
solution can be obtained by summing over an infinite number of string diagrams which does 
not contain any closed string loop, but contains all terms with closed strings terminating 
on an aribtrary number of branes. Each such insertion carries a factor gQ which has to be 
held finite. In other words we have to sum over all open string loops. Closed string loops 
do not contain any factor of the charge Q and are therefore suppressed. This perturbation 
expansion is a description of the black hole expanded around flat space-time with the 
curvature emerging as a result of summing over open string loops. 

It is important to understand why the tree level results are in exact agreement with 
answers which are expected to hold for strong couplings. The point is that even though 
the near extremal states break supersymmetry, for slight non-extremality these are states 
in a supersymmetric background. In such situations it is natural to expect that there 

2 This analogy was suggested by A. Jevicki. 




(1.5) 



By scaling the field <fi it is easily seen that the solution is of the form 
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are nonrenormalization theorems which protect some tree level results from acquiring loop 
corrections. Some of these issues can be addressed in the worldbrane low energy effec- 



tive theory. Indeed such considerations have been used by Maldacena |22| to argue that 
processes which follow from the moduli space approximation are not renormalized to any 
order. However, these arguments cannot be used to justify the success of the calculation of 
other cross-sections like the absorption or emission of fixed scalars in the five dimensional 
black holes and higher partial waves in the 3-brane. 

In the following we explicitly examine one open string loop corrections to some ab- 
sorption and emission processes from single and parallel branes. The restriction to parallel 
branes comes from the fact that it is for these that we can perform string theoretic calcu- 
lations explicitly. Our results are directly relevant to 3-branes. Moreover since the 1-brane 
5-brane system which describes the five dimensional black hole reduces to a single long 
D-string, our results have some relevance to the five dimensional black hole as well. It 
must be remembered, though, that the use of an effective string at the loop level needs 
further justification. 



2. The D-brane calculation 

The D-brane calculation of emission from slightly non-extremal configurations is per- 
formed in the lowest order of the open string perturbation theory and at low energies. Let 
us identify precisely the approximations used here. 

As shown in |23|] the 1-brane 5-brane system with large momentum along the string 



direction must be regarded as multiply wound along the lines of ||24j| , ||25|| so that we 
essentially have a single long string which is wrapped around a large circle of radius Q1Q5R. 
In the following we will therefore model this system by such a D-string. The string tension 
of this effective string should be then fractional T e ff = 1/ {2Tia'Q^) [PB[ , [ p6| . Furthermore, 
the massless modes are now open string modes whose polarizations are restricted to lie 
along the T 4 directions orthogonal to the string direction S\ together with their fermionic 
partners. 

The D-brane calculations are in fact performed in this effective D-string theory, using 
the Dirac-Born-Infeld (DBI) effective action 

S = J d 2 a e~+ yJdet(GS v d a X»d a X v ) (2.1) 



where G^ u is the bulk string frame metric and </> is the ten dimensional dilaton. Choosing 
the static gauge r = X° = x°, a = X 5 = x 5 and keeping only the components X 1 where 
/ = 1, ■ • - 4 are the four T 4 directions and retaining terms upto four derivatives on the 
open string fields fields X 1 the DBI action becomes 

S = hll f dX°dX 5 e-*[l+-G IJ d + X I d-X J 

J 2 1 (2-2) 

- -G w G M (5 + I J 9 + I ; )(9_I Jf 9_I L )] 

o 

where x ± = x° ± x 5 . The effective action (|2.2|) can be derived by considering open string 



amplitudes on a disc, as verified explicity for the second term of (|2.2|) in |27 



Note that the metric Gu is generally a function of all the coordinates 

G u [x°, x 5 , X\x°, x 5 ), X m (x°, x 5 )] (2.3) 

(where m = 6 • • • 9), so that even the term dX 1 dX J contains an arbitrary number of open 
string fields. For emission of S-wave modes, the low energy approximation amounts to 
ignoring the dependence of the bulk metric on X and X m . (The dependence on x° and 
x 5 of course remain which imposes momentum conservation in the Neumann directions). 
This amounts to retaining terms which contain the least number of momenta with a given 
number of open string fields. We will therefore expand 

G IJ = S I j + V2Kh I j(x°,x 5 ) (2.4) 

The BPS states of the system correspond to a background value of only the left moving 
part of the X T 's. Non-BPS states correspond to addition of pairs of oppositely moving 
modes [541. In the dilute gas region, and in the lowest order of the open string coupling, 



one has a standard thermodynamics problem of a one (spatial) dimensional gas of bosons 
and fermions with some given energy and total momentum. The various thermodynamic 
quantities like the entropy and the temperature may be calculated in this gas using stan- 



dard methods [10 and, as is well known by now, for near-BPS situations the results are 
in perfect agreement with the semiclassical answers obtained from the metric ( |1 . 1| ) 0] , . 

For the system of iV parallel 3-branes, the extreme low energy effective worldvolume 
action is a four dimensional N = 4 U(N) Yang-Mills theory |2£| with background fields ||29|| . 
Emission of higher angular momentum scalars may be studied by retaining the dependence 
of the background fields on the transverse coordinates, as we will see soon. The situation 
studied so far is the extremal state with no momentum. 
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2.1. Minimally coupled scalars for the 1-5 brane 

First consider the emission of minimally coupled scalars. Examples of these are trans- 
verse traceless components of hjj. In the bulk theory these modes obey the minimally 
coupled Klein- Gordon equation in the five dimensional geometry. For this emission we can 
set the dilaton field to zero and in fact concentrate on one particular component of hjj. 
The relevant interaction term which involves the miminum number of derivatives of open 
string field comes from the second term in (E 



L$ t = V^Khud+X^-X- 1 (2.5) 

and describes the annahilation of two oppositely moving open strings into a closed string 
state described by hjj. At low energies, hjj is considered as a function of only the 
longitudinal coordinates x°,x 5 . 

When the outgoing particle does not have any momentum in the X 5 direction, it is a 
neutral scalar from the five dimensional point of view. The tree level emission rate into a 
closed string state of momenta k (note all the k % with i = 1 • • -5 are zero), when averaged 
over the initial states is [ITIJ (the notation is of 



T(k) = 2,rMr^- ^ (2.6) 

Tl and Tr are the temperatures of the left and right moving modes on the effective string. 
The temperature, which is the same as the Hawking temperature is then given by 

Detailed balance then gives an absorption cross-section 

a(k ) = 2n\frl^ Hq ^ - % (2.8) 



, IT 



l - l)(e 2T fl - 1) 

When we restrict to extremely low energies ko « Tl,Tr (but ko ~ T) one has a = 
Ah, the area of the horizon, and this is exactly what we get from a classical absorption 
calculation for any spherically symmetric black hole in any number of dimensions |3(J . 

In fact, the entire expression fl2.8|) (with ko ~ Tl, Tr) agrees exactly with the classical 
grey body factor calculated in the dilute gas regime 

ro,r N « ri,r 5 (2.9) 
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and koto*, << 1, i.e. at wavelengths much larger than the gravitational radius [12]. In fact 



beyond the dilute gas approximation detailed agreements of D-brane and classical grey 



body factors are not always present [31] [32]. Even in the dilute gas regime there is some 



disagreement for charged particle emission when the individual energies and charges are 
large, but the difference is small |3^ . 



One important feature of this calculation must be emphasized. Since the interaction 
term ( [2.5| ) involves only two open string fields and the effective tension T e ff sits outside 
the action, the amplitude is independent of T e ff. The decay rate does depend on the 
length of the effective string and the agreement with the semiclassical answer holds when 
Leff = 2-kQiQ^R. 

2.2. Fixed scalar s in the 1-brane 5-brane 

A more detailed test is provided by looking at fixed scalars which do not obey the 
minimally coupled Klein-Gordon equation. An example of this is the size of the T 4 . To 
analyze this one has to substitute 

G s IJ = e 2 »5 IJ (2.10) 



in equation (|2.2| ). Since this is the trace part of the ten dimensional graviton, it mixes 
with the dilaton. The requirement that no five dimensional dilaton is emitted means that 
one has to set (p = 2v Ul6 |. It is clear from (|2.2|) that v couples only to the quartic term in 



the action. The DBI action becomes, upto terms linear in v , 

s = ^kl f dx°dx 5 [i + -d+x^-Xj - -(d+x) 2 (d-X) 2 - -u(d + x) 2 {d-X) 2 } (2.11) 

2 J 2 8 4 

Thus the emission of a quanta of v has the important characteristic that the lowest order 
process involves four open string fields. For the same reason the effective string tension 
T e ff does not scale out and the answer depends on T e ff. 

Once again, the field v has to be treated as a function of x° and x 5 only. It was shown 
in |16[ that the emission rate is in exact agreement with the semiclassical answer provided 



T e ff = l/(2Tra'Qs) and L e ff = 2tvQiQ 5 R as expected from earlier considerations. 
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2.3. Absorption by 3-branes 

In the above examples, there is as yet no complete derivation of the effective string 
model from the microscopic model of branes. From this point of view it is useful to consider 
parallel branes of a single type which lead to nonsingular geometries. An example is the 
self dual 3-brane in Type IIB theory. Consider for example the absorption of dilatons by an 
extremal 3-brane. The relevant interaction comes from a term involving two worldvolume 



gauge fields going into a dilaton [TJ 



S int ~ ~ J d A x <f>(x a ,X i )Tr[d a A l3 d ol AP} (2.12) 

where x a are the four brane coordinates and X % denote the transverse coordinates. A a is 
the gauge field. 

The emission of dilatons in some given partial wave / is described by the following 



term in the Taylor expansion of (j)(x a , X 1 ) in powers of X 1 ||18|| ,pS 



U ~ (d h ■ ■ ■ d h <j>) Q Tr[< X^ ■ ■ ■ X 11 > Fl p ] (2.13) 

where < X 11 ■ ■ ■ X n > denotes the projection of the products to the definite angular 
momenta, and the derivatives on <fi are evaluated at the location of the brane at X % = 0. 
Similar considerations apply to other closed string states like the longitudinally polarized 
graviton and the RR scalar []19[ . 



It is clear from the classical solution that the expansion parameter in the classical 
absorption cross-section of a wave of frequency uj is the combination u(a 12 gN) 1 ^. It has 



been shown in |19[ that for the Zth partial wave the answer is 

o- l (u)~J* l + 3 \a ,2 gN) l + 2 (2.14) 

Remarkably, for I = 0, 1 the cross-section exactly matches the D-brane answer, whereas 
for I = 2, 3 the two answers differ by a numerical factor ||19||. 



3. Strategy for higher loops 

In the following we will examine lowest order open string corrections to absorp- 
tion/emission processes from slightly non-extremal single branes and parallel branes. In 
these situations explicit string theory calculations can be performed and these are directly 
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relevant to the absorption by three branes. Moreover the 1-brane 5-brane system reduces 
to a single long D-string at low energies. Consequently some of our results will be relevant 
for this case as well. 

To appreciate the issue of loop corrections, consider for simplicity black holes which 
contain a single length scale in the problem. Examples are extremal branes (the 3-brane 
in particular) and the five dimensional black hole in the special case r± = r§ = = R. 
Let us call this length scale I. In the classical solution the string coupling can enter only 
through this length scale / which is typically given by the form 

/( d " 3 ) ~ gQa'^W (3.1) 

where d denotes the number of non-compact dimensions. It is then clear that the classical 
absorption cross-section has to be of the form 

adass ~ l d - 2 F(J d -VgQa'( d -W) (3.2) 

On general grounds we expect that this classical answer should agree with the D-brane 
answer when gQ is large. However the above expression shows that for sufficiently small 
uj one may have the factor w^" 3 '^^^ -3 ^ 2 ' small even if gQ is large so that one may 
imagine performing a Taylor expansion of the function F, which then becomes a power 
series expansion in the string coupling g as well The spectacular success of the tree 



level D-brane calculations of the absorption cross-section then means that the lowest order 
term in this expansion has been shown to agree with the lowest order term in D-brane 
open string perturbation theory. 

The puzzle regarding this agreement of D-brane and classical calculations may be now 
restated as follows : In the classical limit a higher power of the string coupling comes with 
a higher power of the energy in a specific way dictated by (|3.2|) . On the other hand, on the 
D-brane side these higher powers of coupling are to be obtained in open string perturbation 
theory and there is no a priori reason why this should also involve higher powers of energy 
in precisely the same way. 

This implies that the following two kinds of loop corrections must be absent for the 
correspondence to work. (1) For a given absorption or emission process open string loop 
diagrams with the same external states must be suppressed at low energies compared to 
the tree diagram. (2) Suppose we concentrate on emission of some given closed string 
state and let the leading order tree process give a cross-section a ~ g a with some energy 
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dependence. For a large enough it is possible that there is a string loop process with the 
same dependence on the coupling H. This must, of course, involve external states which 
are different from the tree process. For processes where the D-brane tree level calculation 
gave the correct answer such loop corrections must be suppressed at low energies. 

What we want to calculate is the (open) string loop correction to the effective action 
of the massless open string modes in the presence of a background closed string which 
we will take to be the ten dimensional metric or the dilaton. As we will see soon these 
diagrams are generically nonzero. However it must be remembered that we have compared 
processes only at low energies. We have to see whether there are loop corrections at such 
low energies. 

For S-wave emission/absorption low energies meant the minimal powers of momenta of 
the open string states and no powers of momenta for the closed string states. In oher words 
when the effective action is expressed in the presence of closed string fields on the brane 
there were no derivatives with respect to either the longitudinal or transverse directions. 
To examine whether these specific processes receive a one-loop correction it is sufficient 
to consider the effective action in flat space. Then the curved space effective action may 
be obtained by simply replacing the flat metric by the curved metric. This follows from 
general coordinate invariance - in fact the equivalence principle. For example for the case 
of a D-string, if we know the term in the flat space effective action 

d+X^-X^u (3.3) 

Then in the curved space effective action, 5u may be replaced by any tensor made out of 
the metric, e.g. 

d+X'd-X 3 \Gi j + Ru + ---} (3.4) 



where Rjj is the Ricci tensor. However only the first term in (|3.4|) does not involve any 



derivative of the metric. Thus at low energies only the first term is relevant, which may 
be obtained by simply replacing the flat metric 8u by the curved metric Gij. In a similar 
fashion once we figure out the term in the flat space effective action 

d + X I d + X J d-X K d-X L 6 IJ 6 K L (3.5) 



The importance of this was emphasized to me by I. Klebanov. 
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we will know the loop corrections to the term which was responsible for emission of fixed 
scalars. The fact that it is sufficient to consider the effective action in flat space implies 
that there is enhanced supersymmetry in the problem II. 

We are interested in low energies of the open string modes as well. This means that in 
a term with some number of open string fields we keep the term with the minimal number 
of derivatives on these fields. This means we are not interested in terms like 

d 2 x I d 2 x J d 2 x I d 2 x J d+x K d-X L ■■■ (3.6) 

and so on. 

To find whether higher loop processes involving different external states may correct 
a tree level emission/absorption of some given closed string state, we have to include 
insertions of closed string backgrounds. Nevertheless the calculation will be simplified by 
requiring that we look at the term which has the required powers of the momentum. 

Loop diagrams with insertions of closed string states are also essential to study possible 
corrections to the absorption/emission in higher partial waves. This is because for such 
processes the tree level term itself involves derivatives on the closed string fields (see e.g. 

(ill))- 

There are, however, other S-wave processes where the low energy curved space effective 
action cannot be read off from the flat space action. These involve situations where the 
worldsheet is curved. Recall that we are using the static gauge, so that certain components 
of the background metric become worldsheet metrics. In the five dimensional black hole 
an example is the component /155. It follows from the Born-Infeld action that this has 
couplings of the form 

h^[{d + Xy(d + Xj) + (d-XYid-Xj)} (3.7) 

i.e. this couples to a sum of chiral operators. Such operators cannot appear in the DBI 
action in fiat backgrounds. For such fields the loop corrections cannot be obtained from 
the flat space terms. 

4 This was pointed out by S. Shenker. 
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4. The One Loop Calculation : Flat space 

We will first analyze open string loop diagrams without any closed string insertion. 
We will use the light cone gauge Green-Schwarz formalism. To do this, however, we 
have to consider the brane directions to be euclidean and one of the transverse directions 



to be time. Such a framework has been discussed in |33|. For a p-brane we thus have 
(X 1 ---XP+ 1 ) to be the longitudinal directions, (XP+ 2 ■ ■ ■ X 8 , X ± = X° ± X 9 ) as the 
transverse directions. This specifies the boundary conditions for the bosonic fields of 
the open string in the standard fashion. The boundary conditions for the fermions are 
determined by the requirement that half of the supersymmetries are unbroken and are 
given by 

Sl(<r, r) = M£S b _(o.T) a = 0,n (4.1) 



The matrix M may be written in terms of the ten dimensional gamma matrices [ p3| , |3J] - 
fl35|| . For our purposes we will need the properties 

M T 1 I M = - 1 I (1= (p + 2)---8) 

M T 7 a M = 7 Q (a = l---p) (4.2) 
M T M = I 

The vertex operators for the open string massless states with polarizations in the Dirichlet 
and Neumann directions are given by (respectively) 

v D = dik^x 1 - s +1 Ia s+k a y kX 

(4.3) 

v N = (p{k){d T xP - s +1 ^s + k a y kX 

where we have used the fact that the momenta of the open string states are always in the 
Neumann direction. 



4-1. The quadratic term 

Let us first consider the terms in the one (open string) loop contribution to the effective 
action which involve two open string fields. When both the open string operators are on 
the same boundary we have a term like 



X (2j0) Tr[F(/c 1 )AF(-A: 1 )A] 
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(4.4) 



where A denotes the open string propagator and V stands for either Vd or Vjy. Here 
-^(2,0) i s the Chan-Paton factor. For a single brane this is just the U(l) charge, whereas 
for multiple branes we have the usual trace over the U(N) group generators. 

Since we are dealing with an oriented string theory one has to add the contribution 
from the case where they attach to the two different boundaries, which is obtained by 
insertion of two twist operators Q 

K (1)1) Tr[l/(A;i)OAy(-A;i)OA] (4.5) 

The Chan Paton factor ^(i,i) is nonzero only for the overall U(l). 

It is well known that the terms (|4.4|) and Q4.5Q individually vanish. This happens 
because the trace involves a trace over the zero modes of the fermion fields S§. Only 
products of at least eight zero modes have a nonzero trace, while the terms like ( f4.4j ) can 
involve only four such zero modes. This is in fact a reflection of supersymmetry of the 
underlying theory. 

Thus, to lowest order in the energy there are no one loop correction to the effective 
action involving two open string fields. This result is valid for parallel branes of any type. 
In particular, this establishes that the lowest order S-wave dilaton absorption by 3-branes 
is not renormalized to this order. In so far as the 1-brane 5-brane system can be regarded 
as a single long D-string, this also implies that the emission/absorption of minimal scalars 
in the five dimensional black hole is not renormalized. 



This result is an explicit verfication of the non-renormalization arguments in . 



4-2. The quartic term 

Now consider terms in the effective action which involve four open string fields - again 
in flat space. The planar annulus amplitude is given by 

K^ 0) Tr\y{k 1 )AV(k 2 )AV(k 3 )AV{k 4 )A] (4.6) 

where ^(4,0) is the relevant Chan-Paton factor. Since each vertex operator involves two 



fermion zero modes, (|4.6| ) has a single term with eight fermion zero modes so that the 



vertex operators appearing in (|4.6|) may be replaced by 



V ~ S r a S k a Uk)e^ (4.7) 
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We are looking for a term which has four powers of open string momenta - one for each 
open string field. This means that we can ignore the e lkX factor in (4"7F) and use 



V ~ Soj^SohMk) (4.8) 

The final nonzero result can be easily computed following the procedures in for example 
|3(|. Let us call this A 2 . 

As before, we have to add the contributions from the non-planar diagrams which may 
be obtained by putting in an even number of twist operators in ( f4.6| ). For example a 
nonplanar diagram with three vertices on one of the boundaries and one vertex on the 
other boundary is given by 

K (3)1) Tr[y(A; 1 )OAy(A; 2 )OAy(A;3)Ay(A;4)A] (4.9) 

where ^(3,1) is the relevant Chan-Paton factor in this case. Using O 2 = 1 the effect 
of a twist operator is easily seen to result in a change of sign of of the odd oscillators, 
a n — > (— l) n a n , S n — > (—l) n S n in all the vertex operators on one of the boundaries. For 
( fOl) this means that the odd oscillators in V(k 2 ) have to be flipped. 

However, as we have just found, at low open string energies there are no oscillators 
in the vertex operators ! Thus, at low energies, the individual contributions of each of the 
nonplanar diagrams is the same as that of the planar diagrams apart from (i) combinatoric 
factors and (ii) Chan-Paton factors. There are 2 terms with all the vertices on the same 
boundaries, 8 terms with three vertices on one boundary and one vertex on the other 
boundary and 6 terms with two vertex operators on each boundary. Thus we get the net 
contribution 

(2^(4,0) + 8K (3 ,i) + 6K {2>2) )A 2 (4.10) 

This is in general nonzero. 

However, when we have a single brane, the gauge group is U(l) and the two ends of 
the open string going around the loop have equal and opposite charges e. In this case 

K {m = -K {3>1) = K {2>2) = e 4 (4.11) 

and the net contribution ([4.1U[) vanishes. 



We emphasize that this result is true for the lowest order term in the open string 
energy. At higher energies the e lkX factors in V cannot be set to 1 and the vertex operators 
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will contain oscillators. As a result the magnitude of a non-planar diagram will be different 
from a planar diagram and the above cancellation will not take place. 

Nonrenormalization properties of F terms have been shown for the Type I superstring 
and follow from cancellations between the annulus and the mobius strip diagrams |37[j . 
Similar nonrenormalization theorems are also required for the consistency of M(atrix) 
theory |3S|. However, as we discuss below, the terms which are required to be protected 



in this case are of a rather different nature than the terms we have been discussing. 

4-3. Relationship to brane dynamics 

For single branes, the one loop calculation in the previous section is closely related to 
the dynamics of two branes which are moving and have waves on it as well. In this situation, 
the force between these branes may be calculated by evaluating an annulus diagram in the 
open string theory where the two boundaries of the worldsheet are attached to the two 
different branes. The worldsheet theory of the open strings connecting these branes now 
contain the terms 



ei 



j drA^X^idvX 1 + •••)- e 2 / drA I (X a )(d a X I + ---) (4.12) 

J (7 = J <7 = 7T 



where a denotes a Neumann direction and / denotes a Dirichlet direction and the dots 
represent fermionic terms. It is then easily seen that the annulus amplitudes we evaluated 
in the previous section are obtained by expanding the partition function in the presence 
of the additional terms ( }4.12| ) in powers of the backgrounds Ai(x a ) and (i) setting e± = e 2 
and (ii) setting the distance between the branes to zero. 

Since we were interested in the situation where d a Ai are constant, the A/'s we need 
to consider are those which are at most linear in the X a, s. 

When the background field is only a function of the time coordinate, i.e. Aj(x ) we 
have the two branes moving with velocities e\ and e 2 , a situation analyzed in ||39|| . In this 
case the zero result we found to order A\ is simply a special case of the general result 
that the force between BPS branes vanish when the relative velocity is zero - which follows 
from Lorentz invariance and the fact that static BPS branes have no forces between them 
regardless of the distance of separation. 

Our result is, however, more general than this situation. For a general p-brane we 
can transform our problem to the case of uniformly moving branes in only some special 
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situations. Consider for example the case of p = 1. In that case the general form of the 
background is 

^/(xV 1 ) = E IX ° + S/X 1 (4.13) 

When Ei and Bj are parallel to each other so that Ej = Eej and Bj = Bei the term in 
the action is simply 

(EX + BX 1 )d IJ (e I X I ) (4.14) 

Now we can perform a Lorentz transformation in the coordinates (provided E 2 > B 2 ) to 
go to a new time variable Y° in terms of which we simply have 

(\fE 2 ~^B 2 )Y°d (J (e I X I ) (4.15) 

This is exactly the case which may be mapped to uniformly moving branes. 

When Ej and Bi are not parallel this cannot be done any more and we have a 
situation which is physically quite different. There are no obvious reasons why the one 
loop corrections to the effective action vanish. It is, however, tempting to speculate that 
terms in the effective action with higher powers of the open string fields also do not receive 
any loop corrections. This would be relevant to the emission of particles with angular 



momentum 40 



The above discussion shows that the nonrenormalization property we are looking for 
is of a different nature than that required in M(atrix) theory. In the latter context one is 
interested in the case where two branes are moving with respect to one another. There is 
no tree level term and the entire contrbution is expetced to arise from one loop. In our 
case there is a tree level term which needs to be protected from loop corrections. 

It may appear that our vanishing result for the abelian situation is simply a reflection 
of the fact that there are no charged fields in the theory. However we are looking at higher 
energy processes where the nonzero dipole moment of the open string might have led to 
nontrivial effects. In fact, by T-duality the problem may be related to the problem of 
open strings in constant electromagnetic backgrounds I. In this T-dual situation it is well 
known that there is a one loop correction to the neutral bosonic string partition function 



in the presence of abelian constant fields. In fact one has ET 



Z x _ loop (F) = det[l + F] Z 1 _ loop (0) (4.16) 



5 In doing this it must be remembered that the open string momenta continue to be only in 
the Neumann directions. 
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•Zi-Zoop(O), the zero field partition function is nonzero (in fact infinite due to the tachyon) 
for the bosonic string. For the superstring a similar formula is likely to hold i. Then 
Z\_i oop (F) would vanish because Zi_z oop (0) vanishes as a result of supersymmetry. This 
seems to suggest that in our problem the higher order terms in the open string fields would 
also vanish. 

5. Loop effects with closed string insertions 

We now consider the effect of closed string insertions on loops which could give contri- 
butions to the absorption processes discussed above. Potentially a one loop diagram with 
lower number of open string fields can contribute, in the same order of the string coupling 
g, to a process where the tree level involves a higher number of open strings. 

It is clear that there cannot be any such correction to the emission of S-wave minimally 
coupled scalars in the five dimensional black hole. The tree level process for this is of order 
g while the loop level process starts at order g 2 

Consider for example the annulus diagram with two open strings and one closed string. 
The vertex operator for a massless bosonic closed string state is given by 

(d+X» - S+r a S+k a )(d-X» - rjS+^S+kp) e lkX (5.1) 

where r\ = +1 for Neumann directions and r\ = —1 for Dirichlet directions. Since the closed 
string vertex has four fermionic fields, the term with the minimal power of momenta is 
obtained by replacing the vertex operators by their fermionic terms only and furthermore 
by replacingthe fermionic fields by their zero modes. Schematically this would give rise to 
a term in the effective action of the form 

g 2 dXdXdd(p (5.2) 

where <p denotes a massless closed string field and X an open string field. At one loop 
this can contribute to the absorption of fixed scalars in the 1-brane 5-brane system and 
absorption of / = 2 modes in the 3-brane system, since both these processes go as g 2 at the 
tree level. Note that at one loop there is no overall dilaton factor in front of the effective 
action as a result of which fixed scalars can interact with just two open string fields. 

6 I would like to thank C. Callan for a discussion on this point. 
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When we have single branes (so that the gauge group is abelian) , the planar diagram 
cancels the nonplanar diagram for the reason discussed above : the vertex operators do 
not involve any oscillators so that the insertion of a twist operator does not change the 
magnitude of the diagram. In so far as the effective string model is trustworthy at this 
level, this would mean that this does not alter the absorption/emission of fixed scalars. 
Similarly, this shows that the I = 2 absorption by a single 3-brane does not receive a 0(g 2 ) 
contribution from one loop. 

This argument does not a priori apply to the case of iV 3-branes because of non-trivial 
Chan-Paton factors. One may wonder whether a nonzero contribution from such one loop 
diagrams may account for the difference between the brane and classical results in this 
case [^9|. However this cannot be the case, since the absorption cross-section obtained 
after summing over the open string states would go as g 4 a ,6 LV 7 as opposed to the tree level 
result g a u . This is because the tree level diagram has more open string states which 
give higher powers of momentum from the phase space factors. This would make the one 
loop result dominate over the tree level result at low energies. While we do not have a 
good reason why this particular one loop contribution vanishes even for N 3-branes, we 
believe that the answer has got to do with the fact that to this order the 3-brane system 
behaves as a collection of iV 2 abelian fields. 

Finally we consider higher order (in string loop) corrections to terms in the 3-brane 
effective action which are responsible for the higher partial wave absorptions. The term for 
the Zth partial wave is given in (|2.13|) and involves / derivatives on the closed string field 
and one derivative each on two fo the (I + 2) open string fields. We want to see whether 
there could be one-loop corrections to such terms. 

Our analysis shows that any one-loop contribution must have at least four powers of 
the momentum, which may be distributed among the open and closed string fields, since 
there must be at least eight fermion zero modes. This immediately shows that there cannot 
be one-loop contributions to terms like (|2.13|) for I = 0, 1 since at tree level they do not 
have the necessary powers of momenta. Any loop correction to such processes would be 
therefore suppressed at low energies. On the other hand there could be in general nonzero 
contributions to / > 2 partial waves. Furthermore for such terms there is no cancellation 
between planar and nonplanar diagrams even for single branes since there are at least 
two open string fields with no momenta accompanying them. This could arise when the 
d a X term in the corresponding vertex operators contribute to the one loop diagram as the 
necessary fermionic zero modes are already supplied by two open and one closed string 
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field. This term necessarily involves oscillators which are indeed affected by the action of 
a twist operator. Detailed analysis of such diagrams are need : perhaps this is the reason 
why there is a discrepancy for the / > 2 absorption cross-sections. 

6. Remarks 

Some of the above results were derived for single or parallel branes and are directly 
applicable to the 3-brane system. They suggest that for this system some of the absorption 
processes do not receive corrections from one loop. This could be the reason why the results 
agree with the semiclassical answers. 

The five dimensional (or the four dimensional) black hole is described in terms of 
brane systems for which it is difficult to do microscopic calculations. However we believe 
that some of the results we have presented for single branes are relevant to this case as 
well since most of the results in fact follow from an effective string picture. Assuming that 
the system can be indeed modelled by such a long D-string, our results give evidence for 
the nonrenormalization of emission/absorption of S-wave minimally coupled scalars and 
fixed scalars. However the validity of this effective string picture at the loop level need to 
be examined. 

Finally we would like to emphasize that even if one is able to prove that similar 
nonrenormalization theorems protect the lowest order tree level results, it does not im- 
mediately follow that the information loss problem is solved. What is really missing here 
is a clear understanding of the horizon physics in the problem. The curvature of the 
background comes from summing over open string loops. It remains to be seen whether 
there are non-perturbative effects which spoil correspondence of this perturbation theory 
with the physics of the horizon. In view of the spectacular agreement of the results it is 
tempting to speculate that there are none. 
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